Abstract-In this paper, new battery-less UPS system configuration powered by fuel cell is discussed. The proposed topology utilizes a standard standby UPS module and the battery is replaced by a supercapacitor. The proposed system operation is such that the supercapacitor bank is sized to support startup and load transients and steady state power is supplied by the fuel cell. Further, the fuel cell runs continuously to supply 10% power in steady state. In case of power outage, it is shown that the startup time for fuel cell is reduced and the supercapacitor bank supplies power till the fuel cell ramps up from supplying 10% load to 100% load. A detailed design example is presented for a 200 W/350 VA 1-phase UPS system to meet the requirements of a critical load. The equivalent circuit and hence the terminal behavior of the fuel cell and the supercapacitor are considered in the analysis and design of the system for stable operation over a wide range. Experimental results along with stability analysis and performance verification of the entire system have been shown in this paper.
INTRODUCTION
With the increased usage of electrical equipment for various applications, power reliability and continuity are very important factors. There are many disturbances in the power supply from utility such as surges, spikes, sags, noises and power outages. Uninterruptible Power Supply (UPS) system is one of the solutions to protect the load from such disturbances. The different types of UPS systems are stand-by, line interactive, double conversion online and delta conversion online UPS systems. The most common energy storage devices/power sources used in these systems are batteries and/or generators. There are many disadvantages associated with batteries such as low energy and power density, limited number of charge/discharge cycles, environmentally unfriendly nature and buildup of heat and pressure under heavy energy demands. Also, generators have the disadvantage of high cost and high maintenance requirements. Hence other ways of energy storage and generation have been explored such as flywheels, supercapacitors, fuel cells and their combinations.
For the past few years, fuel cells have been the main focus as the back up power source because of their various advantages over batteries and generators such as longer operating times, higher power capacity, lower maintenance, lower cost and mainly -environmental friendliness. But the major drawbacks of fuel cells are long startup time and slow dynamics. This can be easily overcome by connecting a supercapacitor bank in parallel providing power during the startup of the fuel cell and during peak power demands [1] - [3] . The connection of supercapacitor in parallel with the fuel cell stack has many other advantages on the system as a whole which are: 120 Hz ripple suppression, absorbing/providing peak currents thus smoothing out the glitches in the power to the load (helps in improving the power quality) and finally this hybrid setup helps in improving the fuel economy of the fuel cell.
In order to design the UPS system, the internal impedance and equivalent circuit modeling of fuel cell and the supercapacitor bank have to be analyzed. This also aids in analyzing its steady state and dynamic behavior and gives a better understanding of the terminal behavior of the fuel cell and supercapacitor bank and the interactions between them.
II. PROPOSED FUEL CELL POWERED BATTERY LESS UPS SYSTEM
The block diagram of the proposed fuel cell powered battery-less UPS system has been shown in Fig. 1 . The proposed topology has a standard module offline UPS system and instead of the battery bank at the dc link, a fuel cell stack along with a supercapacitor bank, supercapacitor charging circuit and a buck converter (to buck the supercapacitor and fuel cell voltage to dc link voltage) are connected as shown. When the utility power is available, the supercapacitor bank gets charged from the ac source and power is supplied to the load through the UPS system while the fuel cell supplies for 10% of the power. The fuel cell is run continuously so that in case of power outage, the startup time is reduced and the supercapacitor bank has to supply power only for the time taken for the fuel cell to ramp up from supplying 10% load to 100% load. When the supercapacitor bank gets fully charged, the charging circuit no longer operates. In case of power outage or other long term disturbances, the fuel cell provides the average output power to the load and incase of transient and peak power requirements, the supercapacitor bank supplies power. During short term power disturbances, the supercapacitor bank renders for the power demand.
The main advantage of this topology over battery powered UPS is that it is environmentally friendly and produces only green house gases as by-products. Also, they require minimal maintenance because it is not dependent on the floating charge (in case of batteries) or moving parts (in case of engine generators). When the battery discharges, the only way to use it again would be after charging it, but in case of fuel cells, the hydrogen cylinders can be switched while they are running [4] .
III. FUEL CELL EQUIVALENT CIRCUIT
The equivalent electrical model that relates to the chemical reactions that take place in a Proton Exchange Membrane Fuel Cell (PEMFC) is shown in [5] and in Fig. 2 . Each of these components can be related to behavior of the PEMFC. The resistor R m corresponds to the ohmic resistance of the membrane. The R-C pairs, R p1 -C 1 and R p2 -C 2 correspond to the time constants of anode and cathode of the fuel cell. These parameters can be easily determined by using a frequency response analyzer. In this method, the load is made to draw constant current while a dc voltage with small ac perturbations is applied. The impedance is plotted at various frequencies and the Nyquist plot is obtained. It is simple to arrive at the equivalent circuit parameters using these plots. Fig. 3 shows the Nyquist plots from Ballard Nexa system for different loads and Table I shows the values of the components. In Fig. 3 , it can be seen that there are two semi circles each of which correspond to the anode and cathode time constants. Also the point at which the Nyquist plot crosses the x-axis gives the value of the dc resistance which is the sum of all three resistors.
It can be seen from the data obtained in Table I that the model parameters are dependent on the load and also the dominant time constant of the fuel cell stack, given by R p2 and C 2 is load dependent and varies from 25.72 ms (light load) to 8.35 ms (full load) indicating that from the electrical point of view, the fuel cell as a power source exhibits a relatively slow dynamic response. This implies that the supercapacitor is vital for the UPS system to provide continuous and disturbance free power to the load. 
IV. NON-LINEAR MODEL OF THE SUPERCAPACITOR
Supercapacitors, also known as electrochemical double layer capacitors (EDLC), have their capacitance varying nonlinearly with the voltage to which they are charged and their operating temperature. The internal impedance of the supercapacitor varies with the surface area of the carbon electrodes, the distance between them and the type of dielectric material and hence has to be modeled accordingly with different time constants and voltage dependent capacitive terms. The modeling of supercapacitor is important as it helps in analyzing the terminal behavior of the supercapacitor with respect to the power electronic circuits. Also, the modeling aids in understanding the interaction between the fuel cell and the supercapacitor bank thus facilitating the stability analysis.
Various models for double layer capacitors have been proposed [6] - [9] . The transmission model (Miller model) shown in Fig. 4 has been chosen, in which the moment matching algorithm is used to assign the weights for each capacitor branch. This model accounts for the RC time constants of the electrodes and the leakage resistance present in this model accounts for the discharge in voltage over time. The parameters of this model can be determined the same way as the fuel cell by using the impedance spectroscopy.
In impedance spectroscopy, a small ac ripple is superimposed with a dc bias voltage. But a difficulty that is faced here is that the capacitance of the supercapacitor under test is so high (140 F) that the ac ripple has no effect and only parasitic values are reflected. Hence, sixteen supercapacitors are connected in series in order to reduce the capacitance by a factor of nine (to ≈ 8.75 F). Also across each supercapacitor, a 10 MΩ high precision From Fig 5, it can be observed that the Nyquist plot can be divided as three sections [8] - [9] . The vertical asymptote at low frequencies corresponds to capacitive and equivalent series resistive behavior. At lower frequencies the equivalent series resistance value reaches its maximum (ESR_DC) and includes the resistance of the terminals, electrodes and electrolyte. At the intermediate frequencies, the oblique asymptote is seen and the equivalent series resistance decreases with frequency and reaches a minimum (ESR_HF) at a higher resonant frequency.
At frequencies higher than the resonance frequency, the supercapacitor behavior becomes inductive and can be expressed by a resistor ESR_HF in series with a low serial inductor. This behavior is due to the very porous nature of the electrodes and the manufacturing process when using wounded technology. It can be seen that the results for ESR_DC and ESR_HF (for 1 kHz) shown in Table II Looking at the results, the supercapacitor model in Fig 4 and its parameters can be extracted from the Nyquist plots. By construction, the wide electrode-electrolyte interface is obtained by using porous electrodes implying that it is distributed in space. Hence a single capacitor is not enough to model the supercapacitor; distributed resistors and capacitors is required along with a series inductor to account for the nonlinear charge/discharge process [6] - [8] . Table II gives the parameters of the equivalent model shown in Fig. 2 . It can be observed that the R-C values vary with the state of charge i.e. the voltage up to which the supercapacitor is charged. Also, the Nyquist plots show a shift along the x and the y axis with change in the dc bias voltage applied. This shift can be attributed to charge dependency of at least one resistor and capacitor. This has been shown in the graphs below (Fig. 6 -Fig.7 ) which tell us how the capacitance and resistance vary with voltage. This is given by the quadratic equations: Table IV shows a typical specification of the proposed fuel cell powered UPS system. The fuel and emission specifications correspond to Nexa fuel cell stack [10] . Table V shows the specifications of the Nexa fuel cell stack. Performance ratings are largely determined by the power conditioning unit design along with the associated size of the energy storage. The supercapacitor described in Table VI is used and the bank consists of one branch of sixteen supercapacitors in series. This sizing was arrived at using the sizing method given in [11] . Further, the buck converter used to link the hybrid source (fuel cell in parallel with supercapacitor) and the dc-link of the UPS system has the following L and C parameters: In the given topology the fuel cell connects to a dc link from which an inverter supplies the power required for the load. In this configuration, from the fuel cell terminals point of view, the buck converter can be considered as constant power dc load. This is because regardless of the voltage being produced by the fuel cell stack the output voltage of the converter is maintained at a constant voltage. In general for a fuel cell powered system to be stable in steady state, the V-I characteristic of the fuel cell and the constant power locus of the inverter have to intersect at one point, which sets the operating condition of the system. If the two curves do not intersect the source is not able to meet the power demanded by the load. Fig. 8 shows the V-I characteristic of the commercial 1200 W Nexa fuel cell whose parameters were obtained in the previous section (here it is shown only for up to 200W as the UPS is rated for 200W only). This figure also shows the constant power locus of a 350 W DC-DC converter operating at full and half load. As can be observed from Fig. 8 the constant power locus intersects the V-I characteristic of the fuel cell, and therefore the power requirements of the load are met. However, if the voltage produced by the stack experiences variations due to a reduction in its fuel pressure the curves may not intersect, especially for loads close to full power where voltage characteristic of the fuel cell drops quickly as the load current increases. If the curves do not intersect there is a mismatch between the power demanded by the load and the power that the stack can produce. Moreover, if the voltage at the input of the DC-DC converter drops, its controller will increase the input current which results in an additional drop in the fuel cell voltage. In other words, a positive feedback takes place which leads to system instability.
To avoid this problem an energy buffer such as a supercapacitor is required to ride through transient voltage disruptions in the fuel cell output.
VII. TRANSIENT STATE STABILITY ANALYSIS
The interaction of the DC-DC converter with the stand-alone fuel cell as well as with the hybrid source has been analyzed in order to investigate dynamic response as well as the stability of the overall system. The power converter controller is generally designed to provide appropriate amount of phase and magnitude margins in order to meet the stability criteria. But once the fuel cell is connected to the input terminals of the power converter, as shown in Fig. 9 the output impedance of If the internal impedance of the fuel cell stack is considered, Middlebrook's extra element theorem [12] can be used to analyze the effect of the fuel cell on the dynamics of the converter. Application of this theorem results in the system shown in Fig. 10 , where the fuel cell output impedance is modeled as an extra element in the system. It can be found that the control to output transfer function of the converter when fuel cell is considered is given by (5). s) is the output impedance of the fuel cell. It is obvious that the transfer function of the converter is modified by the output impedance of the fuel cell. Moreover, it can be shown that by connecting the fuel cell to the DC-DC converter all the transfer functions are modified including the control-to-output and the line-to-output, and the converter output impedance. In order to minimize the effect in the dynamics of the converter it has been shown [12] that the following impedance inequalities have to be met.
Similarly the converter output impedance of the converter is not affected if ( 9 ) where Z e is the converter input impedance when its output is shorted. Due to the high output voltage of the fuel cell the converter of choice for this kind of applications is a buck converter. The small signal model for a buck converter is shown in Fig. 11a . If the fuel cell equivalent circuit model is added to the circuit the small signal equivalent shown in Fig.  11b is obtained. From Fig. 11b the converter transfer function when the supply is an ideal voltage source G vd (s), and input impedances of the system, Z N (s) and Z D (s) are given by:
where Vo is nominal output voltage, D is the converter duty cycle, L and C are the inductor and capacitor of the converter, and R is a load resistance.
From the fuel cell equivalent circuit discussed in 2.2 its output impedance is given by (13). By plotting the magnitudes of the converter input impedances and fuel cell output impedance (11)-(13) for the fuel cell parameters shown in Table I and for a 350 W buck converter designed to operate in continuous conduction with a 20 mH inductance and 4400 µF output capacitance, the graph Figure 11 . Small signal model of a) buck converter and b) when fuel cell is connected in Fig. 12 is obtained.
It can be seen from Fig. 12 that the magnitudes of the converter input impedance and the fuel cell output impedance are of comparable magnitudes. From (6) in order to minimize the effect of the fuel cell on the dynamics of the system the impedance inequalities (6)- (7) have to be met. Normally the "much greater than" condition (<<) can be considered to be true if there exist at least 6 dB of difference between the magnitude of the converter and fuel cell impedances. As can be seen from Fig. 12 the inequalities may not be satisfied for low frequencies and at the resonant frequency of the buck inductor and output capacitor. Therefore it is important to verify the stability of the system as part of the system designing. At low frequencies the inequalities (6)- (7) are met as long as the DC-DC converter input power is less or equal to the rated power of the fuel cell. On the other hand to meet the design criteria at the resonant frequency of the input impedance of the buck converter either the converter or the fuel cell impedances have to be modified.
A method of modifying the output impedance of the fuel cell is by connecting a supercapacitor in parallel to form a hybrid source. Small signal equivalent model of the portable system powered by hybrid source is formed by combining the equivalent model of the fuel cell and equivalent model of the supercapacitor derived in earlier section, and is shown in Fig.  13 . The effect of the parallel capacitor is displacement of the output impedance of the fuel cell to the left as shown in Fig. 14, which increases the distance between the output impedance of the fuel cell and the input impedance of the buck converter. This helps satisfying the impedance inequalities. The modified output impedance of the hybrid source system Z o_HS can be calculated by solving ladder R-C form: Supercapacitors charge state is calculated assuming that the nominal fuel cell voltage (full load condition) is divided equally between the supercapacitors, and the parameters are given in Table III . As can be observed from this figure the capacitance needed to modify the output impedance of the fuel cell in order to satisfy (6)- (9) is relatively small. In general Figure 12 . Impedances for fuel cell and buck converter system Figure 13 . Small signal representation of fuel cell and supercapacitor powered system the amount of capacitance calculated is sufficient to ensure that the impedance inequalities are met.
VIII. EXPERIMENTAL RESULTS
It has been discussed in earlier section that the supercapacitor's capacitance increases as a function of the voltage applied across it and its internal resistance decreases as a function of the voltage. This implies that when the voltage is higher, the energy stored in the supercapacitor is higher than that stored at lesser voltage levels. Also, it implies that the charge/discharge cycles will incur more losses at lower voltage levels than at higher voltage levels. The increased energy storage capacity at higher voltage level is advantageous when connected in parallel with the fuel cell during transient response. This is because, at lighter loads (lesser power demand) the voltage is higher and hence the energy stored in the supercapacitor is higher. When a step load change is applied from lighter load to a higher load, there is more energy available to supply during the step load change.
Tests were performed to compare energy storage capability of the supercapacitor at different voltage levels. Hence, step load change between 20W (light load) and 200W (full load) was applied with fuel cell alone as the power source and with hybrid power source (supercapacitor connected in parallel with the fuel cell) and the response times were measured. This gave higher response times for hybrid source when compared to the fuel cell alone as the source. Similar results were seen for step change between 100 W and 200 W. These results have been shown in Fig. 15 
A. Fuel consumption
The Ballard Nexa Fuel Cell is monitored using the Nexamon software which monitors various parameters of the fuel cell such as it stack power, current and voltage, fuel cell temperature, air pressure, air flow, fuel consumption etc. The fuel consumption data was collected from this software to compare the fuel consumed when stand alone fuel cell is used power source and when hybrid power source is used. From the results (Fig. 16) , it can be seen that hybrid source utilizes lesser fuel as against fuel cell power source. The test was performed only for 10 minutes and hence the fuel saved was only around 0.2 liters. It is expected that when the UPS is run for one hour, more than 5 liters of fuel can be saved. Fig. 16 shows fuel consumption data for half load (100 W) and full load (200 W).
B. Performance of battery based and the proposed UPS systems:
The performance of the proposed UPS system is important and it must at least meet that of the battery based UPS system. One the important parameter is the transfer time from the utility power to the back-up power. This comparison was done and the results are shown in Fig. 17 . It can be seen from the results that the transfer for both battery based UPS system and the proposed UPS system are almost the same. The UPS mainly being for residential applications (like computers), less than 8 ms transfer time is lesser than the ride through time for the SMPS of a computer (10-20 ms).
The primary use of the proposed UPS system being for residential, mainly for computer back up, it must be ensured that there's no flickering of the monitor during the transfer from utility to back-up power source. This was also experimented on and it was observed that there was no flickering of the monitor when the source switched from the utility to the hybrid power source. Another important result from these tests is that the region of protection of the proposed UPS system when supercapacitor bank is used as the backup power source has been increased as shown in Fig. 18 . This ensures that quality power is supplied to the load at all times. Also, this region of operation can be further reduced to ±10% of the rms voltage throughout the time of operation if a On-line UPS was used instead of the Stand-by UPS (which has been used here).
CONCLUSIONS
In this paper, the design of a 200 W/350 VA 1-phase offline battery-less UPS system has been discussed. The advantages of having a hybrid source and the non-linear variation of supercapacitor's capacitance have been shown. The importance of supercapacitor as an energy buffer especially when considering transient and stability issues was elaborated on. The transient and steady state stability analysis along with tests showing fuel consumption plots validated the proposed configuration of backup power source. The performance of the proposed topology has been verified experimentally.
